The goal of this study was to examine latency of horizontal eye movements in the natural space (saccades, vergence, and combined saccade-vergence movements) in children with early onset convergent or divergent strabismus. Ten children were tested (8-11 years old): three with divergent strabismus, seven with convergent strabismus. A paradigm was used to elicit pure lateral saccades at far and near distance, pure vergence (convergence and divergence) and saccades combined with vergence movements. Horizontal eye movements from both eyes were recorded simultaneously by a photoelectric device (Oculometer, Dr. Bouis). The latency of saccades (at far and near distance), of vergence (convergence and divergence), and of combined movements greatly varies among subjects and has tendency to be longer than that observed in normal children of matched age, however, these differences reach significance in only a few cases. Children with divergent strabismus and residual gross binocular vision show abnormally longer vergence latencies than children with convergent strabismus without binocular vision. The initiation of combined movements does not show a dominant pattern, such as preceding vergence, as is found in normal children. Finally, strabismus surgery has no major effect on latencies. We conclude that there is no overall deficiency in latencies of eye movements in 3D space in children with early onset strabismus. Most likely, monocular visual input can be efficient as normal binocular vision for vergence movements. In a few subjects with divergent strabismus and fragile, intermittent binocular vision, latencies can be abnormally long, just because of the fragile binocular input and/or attention effort needs to use it. The absence of a pattern of initiation similar to normal children could be due to attention and fixation capabilities.
Introduction
Eye movement latency is an important tool providing information about cortical function. After the appearance of the target, the visual information from the retina is sent to the visual cortex, parietal cortex, frontal lobe, and superior colliculus, then via the brain-stem the motor command goes to the extra-ocular muscles, and the saccade is finally performed (Leigh & Zee, 1999) . During the preparation time several processes take place (i.e., shift of visual attention to the new target, disengagement of oculomotor fixation, computation of movement parameters), such processes involve several cortical areas (Findlay & Walker, 1999; Fischer, 1987) .
Several studies examining latency in children (Biscaldi, Fischer, & Stuhr, 1996; Fischer, Biscaldi, & Gezeck, 1997; Fukushima, Hatta, & Fukushima, 2000; Klein & Foerster, 2001; Munoz, Broughton, Goldring, & Armstrong, 1998; Ross, Radant, Young, & Hommer, 1994) reported longer latency relative to adults that could reflect cortical immaturity. However, these studies explore saccade latency only. In the natural space objects are located at different directions and distances and we naturally make saccades, vergence and more frequent, combined movements involving both saccades and vergence. Latency of all these types of eye movements needs to be explored in order to understand the underling brain function; such studies are scarce, particularly in children. Yang, Bucci, and Kapoula (2002) reported for the first time that in adults as well as in children the latency is different for different type of eye movements: latency of saccades at far is longer than that of convergence and divergence; latencies of saccade and vergence components of combined movements are longer than those of the corresponding pure movements. Moreover, children showed an asynchrony in the initiation of the two components of combined movements: the vergence component is triggered before the saccade component. Yang et collaborators suggested that distinct mechanisms control the triggering of saccades and vergence. Another study (Bucci, Kapoula, Yang, Wiener-Vacher, & Brémond-Gignac, 2004) in children with vertigo symptoms in the absence of vestibular pathology showed abnormal long saccadic latencies, vergence, and combined movements; such abnormality was pronounced for convergence and saccades combined with convergence. Importantly, after orthoptic vergence training, vergence latency and amplitude improved, even though latencies of convergence pure or combined with saccade remained abnormal. The authors advanced the hypothesis according to which a central deficit in the structures responsible for the triggering of eye movements could cause such lengthening of eye movements latencies.
About 4% of children develop strabismus during the first 6 years of life. The etiology of strabismus is still unknown and strabismus eye surgery is the method used more frequent for treatment (von Noorden, 2002) . To our knowledge studies dealing with latencies of eye movements in natural space in subjects with strabismus are quite scarce. Ciuffreda, Kenyon, and Stark (1978) examined saccade latency in amblyopic subjects with and without strabismus; they pointed out that amblyopia and not strabismus is the cause of increased saccade latency, namely deficiency in the sensorial visual input from the amblyopic eye to the cortical areas would be responsible for delays in saccade preparation. More recently Kapoula and Bucci (2002) observed that latency of visually guided saccades in children with strabismus without amblyopia, before and after strabismus surgery did not change significantly, moreover, these mean latencies were not different to values recorded in normal children.
Latency of vergence and of combined saccade-vergence movements in children with strabismus had never been studied; a recent work in monkeys with infantile esotropia (Tychsen & Scott, 2003) reported abnormal long convergence latency: the mean latency was about two times the mean latency observed in monkeys without strabismus.
The goal of the present study was to explore in children with strabismus the latency of all types of horizontal eye movements in natural space, i.e., saccades at far and near distance, convergence and divergence, and saccades combined with vergence movements. Another goal of the study was to examine whether the type of strabismus (convergent and divergent) and/or its gravity provides differences in latencies. Our general hypothesis is that in the absence of a normal binocular vision, target localization in depth is poor due to poor quality of binocular disparity information; consequently vergence movements could be longer to trigger in strabismic children. An alternative hypothesis could be that the brain uses monocular depth information and thus no vergence latency abnormality is predicted.
Moreover, we examined, for the first time, how strabismic children initiate combined eye movements in direction and in depth (i.e., saccades and vergence movements); as mentioned, this type of eye movement is the most frequent in every-day life and there is a controversy on its preparation.
Finally, in this study we also examined the effects of strabismus surgery on eye movement latency.
Methods

Subject characteristics
Ten subjects (8-11 years old) with strabismus never treated surgically participated to the study. The investigation adhered to the principles of the Declaration of Helsinki and was approved by our institutional Human Experimentation Committee. Informed parental consent was obtained for each subject after the nature of the procedure had been explained. The day before surgery all subjects underwent a complete ophthalmological and orthoptic examination. Clinical characteristics of each subject are shown in Table 1 . Three children (S1, S2, and S3) had divergent intermittent strabismus that for child S3 depended on viewing distance. Seven children had convergent strabismus appeared early (before the age of 2 years) and for all but one child (S4) deviation depended on viewing distance. Two children (S5 and S7) were amblyopic. The strabismus was accommodative for four children (S6, S7, S9, and S10). Binocular visual capability (examined with the TNO test of stereoacuity) existed only in the three children with divergent strabismus (S1, S2, and S3).
After eye surgery, at the time indicated in Table 1 (2-8 weeks) nine children underwent another ophthalmological and orthoptic examination. At this time, the squint angle was reduced considerably for all children. After surgery, no child developed binocularity. The two children (S1 and S3) who showed stereopsis before surgery maintained the same level afterward.
Eye movement recording
Data collection were directed by REX, software developed for real-time experiments and visual display run on the PC. Horizontal eye movements from both eyes were recorded simultaneously with a photoelectric device (Oculometer, Bouis). This system has an optimal resolution of 2 00 of arc and a linear range at ± 20° (Bach, Bouis, & Fischer, 1983) . Eye-position signals were lowpass filtered with a cutoff frequency of 200 Hz and digitized with a 12-bit analogue-to-digital converter; each channel was sampled at 500 Hz.
Eye movements were recorded in 10 subjects before strabismus surgery and in nine of them after surgery. Note that during eye recording child could not wear glasses, consequently, for children with accommodative strabismus, the deviation was manifest during the experiment.
Visual display
Target-LEDs were placed at eye level on two isovergence circles at 20 and 150 cm from the subject. On the circle near to the subject three LEDs were placed one at the center and the other at ±20°. The required mean vergence angle for fixating any of these three LEDs was 17°. On the circle far from the subject, five LEDs were placed: one at the center, two at ±10°and two at ±20°. Fixation to any of these LEDs required a vergence angle of 2.3°. A PC directed the target-LEDs presentation.
Procedure
Subject was seated in a chair, which could be adjusted for height, with the head stabilized by a forehead and a chin support. The experiment was run in a completely dark room. Subjects were asked to move their eyes to the LEDs as soon and accurately as possible.
Calibration task
The calibration task was done at the beginning and at the end of each block of the mean experiment (see below). Subject was viewing monocularly and was making a sequence of horizontal saccades to a LED jumping from 0°to ± 10°or ± 20°at the far isovergence surface. Target remained at each location for 2 s; this LED time presentation was sufficiently long to allow accurate and stable fixation. These saccades were used to extract the calibration factor for each eye.
Mean task: Saccades, vergence, and combined movements
Each trial started by lighting the LED at the center of one of the two circles (far or near). After 2.5 s, the central LED was turned off and a target-LED appeared for 2 s. When the target-LED was at the same circle it called for a pure saccade (leftward or rightward, at near or at far distance, see Fig. 1A ); when the target-LED was on the center of the other circle, it called for a pure vergence movement along the median plane (convergence or divergence, see Fig. 1B ). When the target-LED was lateral and on the other circle, the required eye movement was a saccade combined with vergence (see Fig. 1C ). All target-LEDs for saccades were at 20°; all target-LEDs along the median plane required a vergence change of 15°. In each block these three types of eye movements were intervaled randomly. Each block contained 24 trials: four saccades at far, four saccades at near, four convergence, four divergence, four saccades combined with convergence, and four saccades combined with divergence. For most of the subjects four blocks were run, separated by a rest of few minutes. During the mean task, subject viewed binocularly.
Data analysis
The analysis methods are similar to those used in prior studies (Bucci, Kapoula, Yang, Wiener-Vacher, & Brémond-Gignac, 2003; Bucci et al., 2004; von Noorden, 2002) . Briefly, a linear function was used to calibrate the individual eye position signals. From these two signals, we calculated the saccade signal [(left eye + right eye)/2] and the vergence signal (left eye À -right eye). Markers indicating the beginning of the movement were placed on each eye position signals automatically, and were verified by an investigator. The criteria used are standard and similar to those used by other authors (Collewijn, Erkelens, & Steinman, 1995; Collewijn, Erkelens, & Steinman, 1997; Takagi, Frohman, & Zee, 1995) : the onset of the conjugate saccadic component was defined as the time when the eye velocity reached 5°/s of the saccadic peak velocity. The onset of the vergence signals (for pure vergence movements and for the vergence component of the combined movements) were defined as the time point when the eye velocity exceeded 5°/s. Eye movements that were in wrong direction or contaminated by blinks were rejected; eye movements with latencies longer than 1000 ms were also rejected; express movements, eye movements with short latency (80-120 ms) had never been observed.
For each type of eye movements (saccade, vergence, and combined movements) we measured the latency in ms, that is the time between the onset of the target-LED and the beginning of the movements. For combined movements latency was measured for each component (saccade and vergence component).
To examine eventual latency abnormalities, data were compared with values of normal subjects of similar age, studied by our group under the same condition extracted from the study of von Noorden, 2002; the StudentÕs t test was performed to compare at individual level first the latency between normals and children with strabismus of matched age, second to compare the before and after surgery latency values. Furthermore, the StudentÕs t test was also applied on the mean latency values (between normal children and children with strabismus). For comparison on percentage of the type of initiation of combined movements the v square test was used.
Results
Latency of eye movements in children with strabismus
Bars in Fig. 2A shows the individual mean latency for pure saccades at far and at near distance (white and gray bars, respectively). Normal mean latency values for children of comparable age from the study of Yang and collaborators (2002) are shown in the figure by horizontal lines. Latency of saccades at far distance is significantly longer than of normal children of comparable age only for subjects S8 and S10, while for saccades at near only subject S7 shows significantly longer latency than that recorded in normals. The group mean latency is 289 ± 47 ms for saccades at far and 252 ± 38 ms for saccades at near, respectively. These values are mildly longer than those in normals (267 ± 61 and 244 ± 56 ms for saccades at far and near distance, respectively). The StudentÕs t test on mean latency from normal children and children with strabismus does not show any significant difference.
In Fig. 2B the latency of convergence and divergence is shown for each child. Convergence latency is significantly longer than in normals for two subjects (S2 and S7); divergence latency is significantly longer with respect to normals in subject S3 and S4. At the level of group, mean latency is 279 ± 61 ms for convergence and 275 ± 71 ms for divergence; these values are longer than those of normals but not statistically different. The latency of the saccade and the vergence components of combined saccade-vergence movements is shown in Figs. 2C and D, respectively. Again, only for few children latency values are statistically different from normals: for subjects S2 and S10, the latency of saccades combined with convergence and for subjects S2 and S3, the latency of saccades combined with divergence. The mean latency values of saccade components of movements combined with convergence and with divergence is 305 ± 55 and 296 ± 56 ms; these values are also similar to those of normals (295 ± 53 and 276 ± 67 ms, respectively).
For the convergence component of combined movements, child S2 shows significantly longer latency with respect to normal values; moreover, the latency of divergence component of combined movements is significantly longer with respect to normal values in four subjects (S2, S3, S7, and S8). At the level of group, the mean latency of convergence and divergence component are similar (301 ± 47 and 304 ± 53 ms, respectively). These values are longer than those observed in normals (260 ± 62 and 253 ± 70 ms for the convergence and divergence components, respectively), however, these differences are not statistically significant.
Exotropia versus esotropia
We also explored whether the type of strabismus (exotropia or esotropia) is correlated with abnormal longer latency. On average, the mean latency values reported in children with exotropia are longer than those of children with esotropia; this occurs for all types of eye movements recorded, particularly for vergence and combined saccade-vergence movements. However, because of the small number of children with exotropia examined here (three), only a qualitative observation can be made.
In conclusion, latency of eye movements in natural space (saccades and vergence) in children with strabismus is variable among subjects and has tendency to be longer than that observed in normals; however, these differences reach significance in few cases only. Latency, particularly of vergence and both components of saccades combined with vergence is longer for exotropic children than for esotropic children, even though the former have better residual binocular vision.
Combined movements: Initiation of saccade and vergence components
An important issue is the ability to start two components of combined movements together and we explored which type of component (vergence or saccade) of combined movement starts first. Fig. 3 shows, for each child the percentage of combined movements where the vergence or the saccade component starts first, or the two components start together. The initiation of combined movements in strabismic children is idiosyncratic and a prevalent pattern is not always present. Exotropic children show a dominant pattern that can be either saccade first (S3), or simultaneous triggering of saccade and vergence (S1 and S2); in contrast, esotropic children most frequent show two or all the three types of initiation with similar frequency (i.e., absence of a dominant pattern).
We also compared the type of initiation from each child with that reported in normals from the study of Yang and collaborators (2002) : for normal children on average 60% of the trials it is the vergence which starts first. In the present study, only two of the 10 subjects show this pattern of initiation.
In conclusion, the initiation of combined movements in strabismic children is more variable among subjects and for the majority of them the pattern of initiation is different to normals, i.e., vergence component does not precede saccade component initiation as frequently as in normal children.
Latency after strabismus surgery
For nine children the same oculomotor test was run after strabismus surgery. Fig. 4 shows, respectively, the before after surgery changes in latency for saccades at far and near distance (Fig. 4A) , for convergence and divergence movements (Fig. 4B) , and for combined movements (the saccade and the vergence component, respectively Figs. 4C and D) . Positive values indicate decrease of latency after surgery. The latency decreases significantly after surgery only in few cases: subjects S8 and S10 for saccades at far distance, subject S7 for convergence, and subject S4 for divergence. Moreover it should be noted that after surgery, only few latencies are still significantly higher than those in normals (S10 for saccades combined with convergence, S3 and S8 for the divergence component of combined movements).
At level of group, the changes are very small and do not reach statistical significance. Furthermore, the variability of latency for each type of eye movements does not change significantly after surgery, neither changes the pattern of initiation of combined saccade-vergence movements.
S1 S2 S3
S4 S5 S6 S7 S8 S9 S10 mean vergence first saccade first simultaneous In conclusion, strabismus surgery reduces significantly the latency in few individual cases only and has no effect on the initiation of combined saccade-vergence movements.
Discussion
The main findings of this study are as follows: in children with strabismus (i) the latency of saccades (far and near distance), of vergence (convergence and divergence), and of combined movements (both saccade and vergence components) is longer than that observed in normal children of matched age for only a few cases. Abnormalities of vergence latencies are more accentuated in divergent than convergent strabismus despite the residual binocular visual capabilities for the former. It should be noted that because of the small population of children with exotropia examined here, statistical analysis between children with convergent and divergent strabismus can not be done; consequently this finding needs further exploration; (ii) concerning combined eye movements, the predominant pattern observed in normal children by Yang and collaborators (2002) , (i.e., the vergence component starts first) is not observed in children with strabismus; rather children with divergent strabismus frequently start the two components together, or the saccade first, while children with convergent strabismus do not have a dominant pattern; (iii) strabismus eye surgery decreases latency in few cases only, and does not change the pattern of initiation of combined movements. Next we will discuss all these findings.
Latency of eye movements in natural space
To our knowledge this study is the first exploring in children with strabismus, latency of both saccades and vergence, i.e., the natural repertoire of eye movements used to explore the 3D space. A prior study for saccades at far distance in children with strabismus showed normal latencies ; the new important finding is that, for the majority of children with strabismus examined here normal latencies are observed for almost all types of eye movements: saccades at far and at near, convergence, divergence, and saccades combined with vergence. Only a few subjects show longer latencies particularly for vergence, and this occurs more frequent for divergent strabismus (exotropia). However, note that only three children with exotropia were examined and further studies are needed.
One could argue that the quality of residual binocular vision influences the latency of eye movements; all three exotropic children had gross binocular vision (400 00 of arc). Recall that our first hypothesis was that in children with poor binocular vision the capacity to localize the target in the space would be poor, thereby leading to longer latency of eye movements. Alternatively, in the absence of normal binocular vision, target localization might be based exclusively on monocular depth cues that could be efficient as binocular and monocular cues together. Our data suggest that monocular cues, presumably used by convergent strabismus with perhaps some low-level bi-ocular information can be efficient as normal binocular cues, while intermediate levels of binocularity such as that of divergent strabismus can be associated to longer latencies. Perhaps in the latter case binocular vision is intermittent, depending on the ability of the subject to realign the visual axes via vergence mechanisms. Such unstable binocular visual input could lead to the longer latencies we observed for subjects with divergent strabismus and relatively good level of residual binocular vision (100 00 or 400 00 of arc). This hypothesis is in line with our recent findings on a young subject with manifest latent nystagmus (Kapoula, Le Berthe, Yang, & Bucci, 2004) who showed shorter latency of saccades and vergence movements under monocular than binocular viewing condition.
Thus, the quality of residual binocular vision could influence the length of the latency particularly for targets in depth, demanding vergence and combined saccade-vergence movements.
Abnormalities in the initiation of combined movements
Yang et collaborators (2002) reported in children of age below 11 years old a marked asynchrony in the initiation of the two components of combined eye movements: vergence component starts early than the saccade component for 60% of combined movements. This is in line with the finding that latency of pure vergence movements is shorter than that of pure saccades. In contrast, children with strabismus do not show such difference: indeed, at least for half of the children here studied, the latency of pure vergence movements is longer than that of pure saccades. Consequently, when they perform combined movements children with strabismus initiate first the component (vergence or saccade) that has the shorter latency in the pure form. This explains the idiosyncratic behavior in the initiation of combined movements in children with strabismus.
Latency of eye movements after strabismus surgery
This study shows that strabismus surgery has a weak effect on latencies of saccades, vergence, and combined eye movements shortening only few values that were, before surgery, abnormally long. This finding confirms and enlarges our previous work on children with strabismus showing that latency of saccades at far distance does not change after strabismus surgery as already before surgery latency values were in the normal range.
